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ABSTRACT 


The United States Department of Energy is 
funding a program to develop a cost-effective sola 
assisted heat pump system for space conditioning 
applications. In this system, the heat pump is th: 
energy distribution vehicle. The collectors are re 
lieved of this function and can now operate effec- 
tively over a wide temperature range including the 
lower temperatures easily developed by simple col- 
lecting structures. Thus, inexpensive collectors 
unsuitable for other solar heating systems can be 
used. This provides salient hope for cost-effec- 
tiveness. Existing heat pumps, designed for "stand 
alone" application, are not readily adaptable to t 
solar assist function, and the thermodynamic poten 
tial of the series solar assist concept is destroye 
by forcing this mismatch. The development and cos 
effective production of properly engineered heat 
pumps are within the state of knowledge of the vapo 
compression science, and this development has been 
initiated by contracts awarded in response to a 
current RFP Solicitation by the Solar R&D Branch of 
the Department of Energy. The necessary heat pump 
characteristics are noted, followed by a technical 
discussion of how these characteristics can be ob- 
tained. The ongoing work in this area is then 
briefly described. 
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Why Use À Heat Pump In A Solar Energy System? 
The major problem with present solar thermal energy systems is that they 
cost too much. They are also incapable of space cooling. A particular solar 
assisted heat pump system can overcome both of these obstacles. It is shown 


in Fig. I-l. 









































Fig. I-l. The Series System. 


Here, the solar energy is provided to the storage device which directly 
heats the load vhen possible. When this heat supply is inadequate, the heat 
pump removes heat from storage and delivers it to the load. This "series" 
system can have better cost characteristics than the ordinary solar heating 
system. The major reason is that cheaper, otherwise unsuitable, collectors 
can be used. This is because solar systems which do not include heat pumps 
require collectors which must always supply the load via direct heating, and 
collector outlet temperautres in the 130-180°F range are needed.. Collectors 
capable of supplying such temperatures at reasonable efficiencies are on the 
market and typically cost about $15 per square foot of collector delivered 


to the site, but not installed. 


The series system, since it can make use of lower temperatures, ( 40-100°F), 
can utilize low temperature, low cost collectors. Low temperature operation of 
the collectors eliminates many of the pains normally taken to maintain high 
efficiency at high collection temperatures. Because of these relaxed design 


requirements, installed costs of $5/£ 62 or less are foreseeable for this type 


ole 


of collector. As collector-related costs completely dominate solar system 
economics, this price reduction - made possible by the presence of the heat 


pump - is crucial to the overall system cost-effectiveness. 


In the system described, the solar-derived benefits occur principally in 
the heating mode, but cooling mode performance can also be abetted by opportun- 
istic use of the solar heating system components, such as by rejecting heat to 


the storage and then dissipating heat from storage at night. 


II. Why Are Present Air-to-Air Heat Pumps Unsuitable For the Series System? 


When the described system operates in the heating mode, the heat pump must 
remove heat from a source whose temperature range is from 40 to 100°F. Figure 
II-l is a plot of heat pump coefficient of performance (COP) versus source temp- 
erature. The upper curve in Figure II-l is the "Carnot Theoretical COP" for a 
heat pump operating from the indicated source temperature. A "split", that is 
the temperature difference between the two fluids ın a heat exchanger, of 30°F 
has been assumed for each (air-to-refrigerant) heat exchanger. The heat is 
delivered (as hot air) at 110°F. These are all typical values for present air- 
to-air systems. No real heat pump can, even in principle, produce a COP higher 
than this Carnot curve, under the given conditions. The lower band in Figure 


II-l is an envelope compiled from actual data for present heat pumps. 


An interesting feature to note in Figure II-l is that the COP of the pres- 
ent heat pumps levels off at temperatures above 40°F. Were it not for the pres- 
ence of the theoretical Carnot curve, one might suppose that there is some funda- 
mental thermodynamic reason for this behavior. However, it occurs because these 


heat pumps have been optimized by design to operate best when the ambient source 





is below 40°F. That is, to obtain a low balance point, and good efficiency 





(relative to Carnot) below 40°F, present heat pumps sacrifice efficiency above 


০ | ১৯৬ 
40 F. This is quite reasonable as this lower temperature region is the critical 
regime for heating. However, it is not appropriate for the solar assisted func- 


cion. 


For temperatures below 40°F, the COP of present heat pumps can be seen to 
rise with temperature roughly parallel to the Carnot COP curve. A heat pump 


with this property in the temperature region above 40°F would be able to attain 





an impressive COP as the Carnot COP increases monotonically with temperature at 
an increasing rate. A real machine can operate with this high COP above 40°F, 


but only if it is not burdened with the requirement of a low balance point. 





In summary, the use of present heat pumps which are unable to obtain the 
high COP's which are possible above 40°F undermines the solar assisted system 
performance and is not acceptable. A discussion of the design details neces- 


sary to achieve high COP in the region above 40°F follows. 
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III. Solar Assisted Heat Pump Potential and Characteristics 


The basic components of a refrigerator/heat pump vapor cycle are shown 
schematically in Figure III-1. The corresponding theoretical pressure- 


enthalpy diagram is seen in Figure III-2. The heating mode is considered. 


For this cycle 


ond (1) 


Cavan = Ay - Ay > where n, = h (2) 


Compressor Work (3) 





Heating Effect _ i 
— COF eating — Work Input (4) 








In an actual vapor-cycle/heat pump device there are a number of factors which 
modify the basic (simplified) cycle described above, most of which produce ef- 
ficiency losses and lower COP. These include pressure drops due to flow re- 
Sistance in the heat exchangers and piping, heat loses to the ambient surround- 
ings, compressor volumetric efficiency (or inefficiency), compressor mechanical 
and prime mover losses. Addition- 


en 
ally, there is superheat at compressor entrance and subcooling at throttling 


losses which are not accounted for by 115 


valve entrance. Without introducing the complication of detailing these factors, 
at this time it is instructive to view the overall system defining the heat pump 


requirements. 


Figure III-3 presents a scale of the Cemperatures intrinsic to heat pump 
operation in the heating mode. The basic "given" quantities are (2), the de- 
sign temperature required of the heating system terminal devices, which is typ- 
ically on the order of 120 to 125°F and (5), the effective source temperature. 
For efficient performance, the quantity (e) should be minimized consistent with 
the practical constraints, since it defines the "lift" required of the compres- 
sor, which operates at a pressure ratio approximately equal to the saturation 
pressure corresponding to S edid divided by the saturation pressure corresponding 


to T This can be accomplished in several Ways: 


evap' 
l. supplying a high source temperautre 
2. reducing quantities (a) and (d) by using sufficiently large and 


efficient heat exchangers, and 


o So 


designing the heating system (and building) to operate at as low a 


temperature as practical. 


Items 2 and 3 can be done independently of solar energy, and should be for 
good conservation practice, but they are particularly important in solar sys- 
tems for providing more efficient usage of "free" solar Btu's (e.g., allowing 
the collectors to operate at a lower temperature). Item 1 lies at the heart 
of the present discussion in that solar energy can readily provide a high source 


temperature. 


Given the temperature range of the cycle, as shown in Figure III-3, several 


different COP's can be related to it. 


I. The Carnot cycle heating COP given by 


- = = (5) 


cond _ Tevap 








Carnot T 


The theoretical vapor cycle COP for the cycle of Figure III-2, which 
with Minaa * 1.0 will be called the Ideal Vapor Cycle. 


The actual COP of a practical working machine which is considerably 
lower than (II) because of the inefficiencies previously listed and 
additional efficiency reducing measures incorporated as practical 


means of reducing machine cost. 


Now (I) can be simply calculated from equation (5) and is independent of 
working fluid. The calculation of (II) utilizes refrigerant property tables 
(or charts) to obtain the quantities in Equations 1 to 4. For the actual COP, 
(III), performance data of existing heat pumps can be used for evaporator temp- 
eratures up to 55°F, but above that point extrapolation or a detailed calcula- 


tion accounting for the system characteristics is necessary. 


Figures III-4 and III-5 show the results of a series of calculations for 
condensing temperatures of 105 and 135°F, respectively, and evaporator temp- 
eratures ranging from 40 to 100°F. For case (II), the Ideal Vapor Cycle re- 
frigerants R-12 and R-22 were treated as the working fluid, and the plotted 
curVe represents an average for the two, which fall quite close to each other. 
Also plotted are curves of 80% and 60% of Ideal Vapor Cycle COP. The 80% curve 


could represent a heat pump with hi. * 0.8 and no other losses, and the 60% 


curve could represent the same machine with the additional listed losses ac- 
counted for. For case (III), compressor data from several manufacturers for 
R-12 wereused for evaporating temperatures up to 50°F, and then extrapolated 

to the higher temperatures by backing out compressor isentropic, volumetric, 

and mechanical efficiencies from the data and extrapolating them. Additionally, 
it was assumed that the heat exchangers were large enough to accommodate the 
large heat loads of the higher temperatures. An electric motor efficiency of 
0.85 was included, but the power to run pumps or blowers was not charged against 


the COP herein. 


It was found that these values fell very close to or above the 60% Ideal 
Vapor Cycle efficiency curve as given in Figures III-4 and III-5. It is 
realistic then, to take this 60% ideal curve as a lower limit for the COP per- 
formance of practical SAHP's, since this performance can be raised relative 
to that of today's typical machines by incorporation of mechanical and thermal 
efficiency improvements which are cost-effective on a life-cycle basis. An 
upper bound, or goal, may be taken as the 80% ideal curve, and case (III) per- 
formance is shown in Figures III-4 and III-5 as a band between the 60 and 80% 


Curves. 


Once accepting the potential of high COP performance of the SAHP, demon- 
strated by these representative results, the task of making practical hardware 
to realize these advantages must be undertaken. At its heart is the necessity 
to make the system operate efficiently over a wide range of temperatures (ap- 
proximately 40 to 10058). Ås previously discussed, current heat pumps can not 
perform this task because the high vapor densities produced by the high pres- 
Sures attendant to these temperatures raise the mass flows to levels which 
can not be properly accommodated by their compressor, heat exchangers, and 
expansion valves. These machines can be forced to operate at the high solar- 
supplied evaporator temperatures, but only through the use of energy-inefficient 
techniques, e.g., hot gas bypass of the condenser, and the potential high COP's 
are not realized. That is, the COP's at suction temperatures above 50°F are 
the same, or even less, than that at 50°F and do not monotonically increase 


like the curves of Figures III-4 and III-5. 


A heat pump which will properly utilize solar heat must, therefore, incor- 
porate some significant changes which accommodate the higher suction vapor den- 


sities by use of energy conservative techniques. These changes must imperatively 


০ 7০ 





produce a somewhat higher first 
energy savings, which will provi 
in collector costs. To attain t 
bility of current manufacturers, 
As an obvious first step, larger 
valves may be employed. This is 
because the operation of the com 
tem is the key factor in a heat 
appears tantamount to success. . 
control of positive displacement 
previously it has been utilized 
temperatures, that extend the rai 
the high side, that is 60 to 90০1 
duce system mass flow at these h: 
be used in the cooling mode (evay 
in the heating mode when availab! 
the lower ena of the useful range 
tinuously variable speed machine 
point, but in practice a two-spec 
discrete step in capacity would p 
ture at which the step in capacit 
climate, collector and storage si 
and can be optimized theoreticall 


field demonstrations. 


Alternatively, compressor-su 
by cylinder unloading whereby vap 
blocked off when high evaporator 
Additionally, there is the possib 
These methods, too, have been emp 
machinery, and like the two-speed 
designated evaporator temperature 
merits and disadvantages which wi 
a compressor having variable comp 
cient for the temporarily availab 


be developed. This machine could 





cost of the machine but are justified by the 
de a lower life-cycle cost, and the savings 
hem is well within the technology and capa- 
given the incentive of a suitable market. 
(or multiple) heat exchangers and expansion 
a necessary, but not sufficient, condition 
pressor and its ability to modulate the sys- 
pump. Use of some form of capacity control 
১ salient choice is that of variable speed 
machines, not a new technique at all. But 
o allow operation over a wide band of suction 
ge of efficient suction temperatures toward 
or higher, with the lower speed used to re- 
gher temperatures. High speed operation can 
orator temperatures on the order of 45°F) and 
e solar-supplied storage temperatures are at 
', from 40°F to approximately 60°F. A con- 
would be desirable from a theoretical view- 
d 2/4 pole or 4/6 pole motor producing a 
robably be satisfactory. The suction tempera- 
y occurs must be d:fined as a function of the 
ze, and building and heating system design 


y by computer simulations and verified by 


pplied capacity modulation could be produced 
or flow to one or more of the cylinders is 
temperature is creating excess mass flow. 
ility of using dual compressors in parallel. 
loyed previously to some degree in vapor cycle 
motor, produce a step in capacity at some 
Each of the three methods has its relative 
11 not be discussed here. As a further step, 
ression ratio corresponding to that most effi- 
le source and required outlet temperatures can 


employ relatively sophisticated valve 


ny 





configuration and controls, heretofore considered cost ineffective. It would 
give a continuous capacity output versus source temperature, and could be of 


either the reciprocating or rotary type, the latter corresponding to larger 


sizes. 


In the Solar Assisted Heat Pump the throttling valve can assume an in- 


creasingly important role. The thermostatic expansion valve is the most likely 


candidate, but alternative, and perhaps innovative, designs which provide good 


mass flow control over a wide range of pressure ratios can be used. Two paral- 
lel valves or a single valve with an auxiliary bypass may be employed. The se- 
leccion of refrigerant charge in the bulbs of externally balanced thermostatic 


valves can provide additional flexibility for regulation characteristics. 


In addition to the design of the basic heat pump machine, which is vital 
to the success of an energy and cost-effective system, attendant design steps 
which incorporate multiple soucce and compound or cascaded vapor cycles can be 


developed to further increase SAHP System effectiveness. 
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Table V-2 


Seasonal Performance Factors (SPF) in Cooling Mode 
(All Energies in Millions of Btu) 









such as ground coupling or heat-pump preheating of domestic hot water. It 








is clear that there is a potential path to cost-effectiveness relative to 
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